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ABSTRACT
Photophysics of single-wall carbon nanotubes (SWCNTs) is intensively studied due to their po-
tential application in light harvesting and optoelectronics. Excited states of SWCNTs form strongly
bound electron-hole pairs, excitons, of which only singlet excitons participate in application relevant
optical transitions. Long-living spin-triplet states hinder applications but they emerge as candidates
for quantum information storage. Therefore knowledge of the triplet exciton energy structure, in par-
ticular in a SWCNT chirality dependent manner, is greatly desired. We report the observation of light
emission from triplet state recombination, i.e. phosphorescence, for several SWCNT chiralities using
a purpose-built spectrometer. This yields the singlet-triplet gap as a function of SWCNT diameter and
it follows predictions based on quantum confinement effects. Saturation under high microwave power
(up to 10 W) irradiation allows to determine the spin-relaxation time for triplet states. Our study sensi-
tively discriminates whether the lowest optically active state is populated from an excited state on the
same nanotube or through Fo¨rster exciton energy transfer from a neighboring nanotube.
KEYWORDS:
carbon nanotubes, optically detected magnetic resonance, relaxation times, quantum confinement, molec-
ular rulers, Fo¨rster exciton transfer
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Understanding the photophysics of novel ma-
terials is crucial for their effective application in
both light harvesting and light generation, which
are relevant for diverse fields including energy ap-
plications, optoelectronics, telecommunications,
photonics, and quantum technology. The funda-
mental processes involve either the generation or
the recombination of an electron-hole pair. This
pair is often correlated due to Coulomb interac-
tion and it makes a quasi-particle known as exci-
ton.1 Typical binding energies are a few meV in
semiconductors2 but it can be as large as a few
100 meV in single-wall carbon nanotubes (SWC-
NTs) as the Coulomb interaction is only weakly
screened in the one-dimensional surrounding.3,4
Only excitons with a singlet spin wave-function
(or a singlet-exciton) can be generated in the ab-
sorption of a single photon5,6 but the non spin-
conserving spin-orbit coupling can generate an ex-
citon in a spin-triplet state (a triplet-exciton). This
low probability process is known as intersystem-
crossing (ISC).7 The ISC results in the accumula-
tion of triplet states, the triplet-exciton decay being
a slow process as it again violates spin conserva-
tion.
Knowledge of the singlet/triplet energy structure
as well as the ISC and the triplet decay dynamics
is of great importance for photophysics applica-
tions. Among others the presence of triplet states
hinders light harvesting due to the long recovery
of the photoactive unit once it enters a triplet state.
Triplet excited states also pose a challenge for light
generation: an injected electron-hole pair forms a
triplet state with 75 % probability thus the theo-
retical limit on the internal quantum efficiency for
a fluorescence based light emitting device is 25 %
(Ref.8). On the other hand, the ability to address
and manipulate a long-living triplet state can be
exploited for quantum information storage such as
in the well-known NV center in diamond.9,10 An
additional motivation arises from the possible use
of excitons in switching electronics.11,12
The photophysics of SWCNTs have been inten-
sively studied due to their potential for light re-
lated applications and the basic optical properties
are well known.5,13,14 Light emission in SWCNTs
arises from a bright, singlet exciton level, or S1,
which is one of four states due to the two-fold,
K-K’ degeneracy of the conduction and valence
bands.3,4,15 The other three exciton levels are re-
ferred to as dark since light emission from these
levels is not allowed in first order by momen-
tum and angular momentum conservation.3–6 The
lowest lying exciton level is dark, separated by
a few meV from the bright exciton level.15 This
causes that the non-radiative recombination pro-
cesses dominate and the radiative fluorescent pro-
cess has a low probability with a quantum yield be-
low 1 % (Refs.16,17). The S1 bright exciton state is
usually populated by irradiating the second bright
singlet exciton level, S2, which rapidly relaxes to
S1 by internal conversion. Given that both the ab-
sorption and emission energies depend strongly on
the SWCNT (n,m) chiral indices, the fluorescent
studies have a great analytic value to characterize
e.g. the abundance of a particular SWCNT in a
sample.14
In addition to the 4 spin-singlet exciton states,
each can form a spin-triplet state (referred to as
triplet in the following), i.e. altogether the SWC-
NTs have 16 exciton levels of which only one
is bright, that gives rise to the usual band-gap
fluorescence. Recent magneto-photoluminescence
showed the influence of the triplet states on the
photoluminescence emission.18 The triplet levels
lie below the singlet, due to the exchange interac-
tion, which mimics Hund’s rule for atoms.
Here, we report the direct observation of the
phosphorescence signal from the triplet levels in
pristine SWCNTs in an (n,m) chiral index re-
solved manner. The key to this was the recent
development of a unique ODMR spectrometer19
which operates with a tunable laser source, thus
selecting a particular absorption energy, and by an-
alyzing the wavelength of the emitted signal un-
der magnetic resonance conditions. Another over-
come challenge was the near-infrared emission
range for most SWCNTs where detector efficiency
is lower. Our experiment yields the singlet-triplet
energy gap for several (n,m) chiralities and the
result is in good agreement with the theoretically
predicted values in Ref.,20 which indicates that the
exchange energy is strongly diameter dependent.
Intensive microwave irradiation allowed to deter-
mine the spin-relaxation time for the triplet levels.
We observe an absence of the so-called bundle-
peaks in the ODMR spectra, which indicates a
dominance of Fo¨rster exciton energy transfer over
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conventional optical decay routes for neighboring
nanotubes.
RESULTS and DISCUSSION
Fig. 1a. shows the Jablonski diagram of the
SWCNT photophysics for the lowest lying bright
exciton.21–24 Note that excited exciton states with
L 6= 0 form a Rydberg series and these cannot be
excited in single photon experiments.25 The figure
illustrates that the S2 bright singlet exciton level is
excited from the ground state by absorption, which
corresponds to an optical transition between the
2nd van Hove singularity pair13,14 in the single-
particle description. This excited state relaxes to
the S1 bright exciton state by internal conversion.
Its recombination to the ground state yields the flu-
orescence but it can also cross-over to the triplet
state, T, due to spin-orbit interaction. The recom-
bination of the triplet is not allowed in first or-
der by spin-conservation, but again spin-orbit cou-
pling can give rise to a faint phosphorescent signal.
The detection of the triplet emission using mag-
netic resonance is called optically detected mag-
netic resonance (ODMR, Refs.21–23), which is also
used herein.
Understanding the triplet energy structure, the
singlet-triplet energy gap, EST is important for fu-
ture optoelectronics applications of SWCNT26,27
or to assess the utility of the triplet level e.g. quan-
tum information storage potential.28,29 In particu-
lar, it would be important to gain this information
in an (n,m) specific manner as a typical nanotube
sample contains a large number of various SWC-
NTs. Spectroscopic evidence for the existence
of triplet levels came from chemically modified
SWCNTs with an enhanced phosphorescent ac-
tivity,30 more recently from ODMR studies,31and
also from magneto-photoluminescence.18
The EST for the chemically modified SWCNTs
was found to be about twice as large as the theoret-
ically predicted value.20 The ODMR study did not
resolve the separate fluorescence and phosphores-
cence,i.e. the direct observation of light emission
from the triplet state in pristine SWCNTs remains
elusive.
In Fig. 1b., we show individual PL and ODMR
spectra at 77 K, when excited at 724 nm. The
ODMR spectrum is the change in the optical sig-
nal due to the microwave irradiation, ∆PL. Note
that the PL spectrum is 4 orders of magnitude
larger than the ODMR signal. The ODMR signal
emerges as the S1 singlet exciton state undergoes
intersystem crossing to the triplet, T, state due to
spin-orbit coupling. Recombination of the three
triplet levels to the ground state can give rise to a
faint phosphorescent signal due to the low proba-
bility as a result of spin-conservation. Again, spin-
orbit coupling enables recombination of the triplet
states. The weakness of this process hinders its di-
rect observation in optical studies and these states
are often referred to as dark triplet excitons. It was
shown in Ref.30 that hydrogen coverage of SWC-
NTs can enhance a sideband signal which was as-
sociated with the phosphorescence of SWCNTs.
The master equation for the triplet population, [T]
reads:
d [T]
dt
= kISC [S1]− kT [T] , (1)
where [S1] is the population of the excited state.
Under steady state conditions, Eq. (1) leads
to a finite triplet population, with the photoac-
tive states being effectively ”trapped” in the long-
living triplet state. This means that ISC not only
gives rise to a finite triplet population but it also
reduces the fluorescent signal.
In principle, the ISC process can be reversible
due to triplet-triplet interactions at high irradia-
tion fluences31 or parity flipping due to adsorbed
molecules.32 In our case, neither of these mech-
anisms can be significant and our wavelength re-
solved approach enables to discriminate to origin
of the emitted photon, as shown below.
Fig. 1a. illustrates the origin of the ODMR sig-
nal as follows. The three sublevels of the triplet are
split either by zero-field splitting (ZFS) or by an
external magnetic field (the Zeeman effect). The
presence of a strong ZFS is typical for strongly lo-
calized (Frenkel) excitons,22 however when ZFS is
small, which is the case for a larger Mott-Wannier
type exciton such as in SWCNTs,33 an external
magnetic field can split the levels. The popula-
tion of the three sublevels is usually unequal im-
mediately after ISC as they couple differently to
the lattice due to their differing orbital arrange-
3
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Figure 1: Jablonski diagram and ODMR results on SWCNTs. a, The Jablonski diagram for the SWC-
NTs which illustrates the ODMR induced processes for fluorescence and phosphorescence. b, Individual
PL and ODMR spectra when excited at 724 nm. Chiral indices are given, vertical arrows indicate the
phosphorescent sidebands, vertical dashed lines highlight ”bundle-peaks” (B1 and B2). c, PL and ODMR
maps of SWCNTs. Maxima of the PL signals are indicated by × and the corresponding (n,m) chiral
indices are also given, ⊕ indicates the maxima of the phosphorescence sidebands on the ODMR map.
Note the absence of the ”bundle-peak” (vertical dashed lines) on the ODMR map.
4
ment. Similarly, the decay rates to the ground
states of the individual triplet sublevels are also
usually different. An intensive microwave irradia-
tion on magnetic resonance condition equilibrates
the populations of the triplet sublevels, thereby af-
fecting the phosphorescent signal. A consideration
of the number of available states22 yields (also dis-
cussed in the Supporting Information) that the mi-
crowave induced additional phosphorescent flux
equals the additional fluorescent flux, i.e. the more
states are liberated from the triplet state, the more
fluorescent transitions can occur. We note that our
signal is positive, i.e. the presence of microwave
irradiation increases both the fluorescent and the
phosphorescent signals. A previous ODMR report
in SWCNTs did not resolve these two processes
as no wavelength analysis of the emitted light was
performed.31
For SWCNTs, both the S0 → S2 absorption
and the S1 → S0 fluorescence emission depend
on the (n,m) indices,13 which allowed a chiral
index assignment of the individual fluorescence
peaks.14 When plotted as a function of excitation
and emission, the individual PL spectra yields a
PL map, which is shown in Fig. 1c. The individ-
ual ODMR spectra can be combined in a similar
manner, which yields the ODMR map in Fig. 1c.
Resolution is 1 nm for the emission and 6 nm for
the excitation. The PL map13 contains well-known
features, including some strong emission peaks at
the corresponding excitation energy, which are in-
dicated with ”×” in the figure and the correspond-
ing (n,m) chiral indices are also given.
The emission and excitation energies in our PL
map slightly differ from well-known literature val-
ues,34 due to a differing surfactant, temperature, or
the level of bundling. However, SWCNT chirali-
ties could be unambiguously identified due to the
patterned nature of the transition energies.13,14 In
addition, the PL map also contains features which
are colloquially known as ”bundle-peaks”33,35,36
and are indicated by vertical solid lines. These
features appear when a few nanotubes form a
small and interacting aggregate structure and an
SWCNT with appropriate transition energy ab-
sorbs light. The resulting exciton is then trans-
ferred to another SWCNT in the bundle, which
then emits at its characteristic emission wave-
length.35,36 This process leads to a characteristic
feature of the bundle peaks that they appear as ver-
tical lines in the PL maps. These peaks are absent
in the ODMR map, which is discussed further be-
low.
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Figure 2: Singlet-triplet gap in SWCNTs. Mag-
nitude of the singlet-triplet energy gap for the four
SWCNTs which were identified in our study (⋆) as
a function of the inverse of the squared nanotube
diameter, 1/d2. The theoretical prediction by Ca-
paz et al. (Ref.20) is shown with  symbols along
with a linear fit to the data.
We note that the main fluorescent peaks do not
appear at exactly the same position on the PL and
ODMR studies beyond the experiment accuracy.
We believe that this effect is due to the known in-
homogeneous broadening of the PL lines37 either
due to a different charging, defects, or a slightly
different environment. We speculate that the ISC
transition rates and thus the triplet population is af-
fected by these factors, i.e. the microwave induced
fluorescent peaks in the conventional PL studies
should not necessarily match those in the ODMR
results. However, this effect requires further study.
An exception is the (10,6) peak which should
show a satellite in the wavelength region where
our spectrometer sensitivity abruptly drops. It is
interesting to note that the phosphorescent peaks
have the same integrated intensity as the fluores-
cent ones but are broader. The same intensity is
explained above and the larger linewidth could be
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related to a larger sensitivity of the triplet level to
the above mentioned environmental factors. We
note that the Zeemann splitting of the triplet levels
(9 GHz) is much smaller than the extra broadening
(1 nm at 1100 nm wavelength corresponds to 250
GHz).
The observation of the phosphorescence in
ODMR for four SWCNT chiralities allows to de-
termine the chirality resolved singlet-triplet energy
gap, ∆ST. The result is shown in Fig. 2. to-
gether with the theoretical prediction by Capaz et
al. (Ref.20). The latter calculation was based on
considering the variation of the exchange interac-
tion due to the finite size quantum confinement.
The exciton size scales with the tube diameter,
d, as it is the only length scale in the problem.
The exciton binding energy scales with 1/d as
the Coulomb interaction energy scales with the in-
verse distance. The singlet-triplet splitting is due
to the exchange energy and the latter varies as 1/d2
as it is due to the electric dipole self-interaction of
a neutral charge distribution.38 A similar, 1/d2 de-
pendence was observed for the energy difference
between the bright and defect-brightened, other-
wise dark excitons.39 This is due to the fact that
the bright-dark exciton splitting is also related to
the exchange interaction according to Ref.38
Our experimental data matches well with the
theoretical prediction which indicates that the the-
oretical model was indeed appropriate. This agree-
ment also enables the future identification of phos-
phorescence in SWCNTs with chiralities which
are not presented herein. Certainly, extending our
measurements toward SWCNTs with largely dif-
ferent diameters (such as e.g. the (6,4) and (6,5)
SWCNTs) would improve the confidence in the
agreement.
We studied the microwave power, p, dependence
of a selected peak (of the (8,6) SWCNT) at 1169
nm emission and 724 nm excitation in the ODMR
map, in order to gain information about the charac-
teristic spin-dynamics timescales: T1 (spin-lattice
relaxation time) and T2 (spin-spin relaxation time).
The magnitude of these parameters determines
whether the SWCNT triplet states could be used
e.g. for quantum information storage purposes.
The power dependence of the ODMR signal is
shown in Fig. 3. The ODMR signal is expected
to follow the population change in the triplet sub-
0 5 10
0.0
0.5
1.0
with saturation
Microwave power (W)
O
D
M
R
 s
ig
na
l (
ar
b.
 u
.)
emission
=1169 nm
without saturation
300 310 320 330
Magnetic field (mT)
 
 
Figure 3: Microwave power dependence of the
ODMR signal. The emission wavelength is 1169
nm that corresponds to the (8,6) SWCNT. Dashed
and solid curves show a fit without and with sat-
uration effects included, respectively. The inset
shows a magnetic field swept ODMR spectrum
and the signal of an individual spin-packet is also
indicated with a dashed line.
levels, induced by the microwave excitation. For
low microwave powers, it follows the strength of
the microwave magnetic field,40 B1: ODMR ∝
B1 ∝ √p, however at sufficiently high powers, a
saturation could be observed as:40
ODMR ∝
√
p
1 + CpQγ2T1T2
. (2)
Herein, Q = 1, 000 is the quality factor of our
microwave cavity, C = 2.2 · 10−12 T2/W2 is a
resonator constant which links the generated mi-
crowave magnetic field strength to the power and
is resonator mode dependent41 (it is the cylindri-
cal TE011 mode in our case). Besides the gyro-
magnetic ratio, γ/2π = 28GHz/T, the formula al-
lows to obtain the T1T2 product
42 when saturation
is present.
Fig. 3. shows that a fit to the power depen-
dent ODMR signal without saturation does not
account for the data at high microwave powers.
When saturation is included, Eq. (2) describes
well the data in the whole power range and we ob-
tained
√
T1T2 = 36(1) ns. Although, the data itself
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does not allow to disentangle the values of T1 and
T2 separately, we argue below that most probably
T2 = T1 holds due to the short value of T1. This
case can be related to a homogeneous linewidth of
∆Bhom = 1/γT1 = 0.16mT.
In general the T2 < T1 hierarchy holds, except
when T1 becomes so short that it shortens the T2
as well43 which results in T2 = T1. For most ma-
terials, T2, and the related linewidth ∆Bdipole =
1/γT2, is due to the dipole-dipole interaction be-
tween like spins, which can be quantified using
the van Vleck formula.44 A significant exciton-
phonon interaction45 could also lead to additional
dephasing and thus a shorter value of T2. How-
ever, it is expected that at low temperatures, this
effect vanishes and the dipole-dipole interaction
dominates. A reasonable estimate for the maxi-
mum value of∆Bdipole = 0.02mT can be obtained
for a triplet exciton to triplet exciton distance of 10
nm, which is close to the exciton Bohr radius, thus
it can be regarded as a lower limit for their sepa-
ration.6 However, this value of ∆Bdipole is smaller
than the above ∆Bhom by an order of magnitude.
This means that dipole broadening cannot account
for the observed T1T2 value, we are thus led to
conclude that T1 = T2 = 36(1) ns at 77 K in the
SWCNTs.
We note that the spectral linewidth of a magnetic
field swept ODMR spectrum is about 5 mT (see
the inset of Fig. 3), which is much larger than the
above mentioned homogeneous linewidth. Portis
showed42 that it is the linewidth of the so-called
spin-packets with linewidth 1/γT2 (shown with a
dashed curve in the inset of Fig. 3.) that enters the
saturation formula and that the visible linewidth
(or signal envelope) does not affect it. As per
the above short values of T1 and T2, we believe
that it is caused by the electron-phonon interac-
tion, which is mediated to the spin state through
spin-orbit coupling43 but its origin requires ad-
ditional theoretical studies. This short value of
T1,2 appears to be prohibitively short if the triplet
state would be used to store quantum informa-
tion. Although SWCNTs appear particularly ad-
vantageous for such purposes,29 given the com-
patibility of the emission and absorption wave-
lengths with the telecommunication windows (≈
1300 − 1550 nm), a T1 of a few ms or µs is re-
quired for a meaningful operation.29,46
Wementioned above that the ”bundle-peaks”, B1
and B2, are absent in the ODMR spectra as Fig. 1c.
demonstrates. As mentioned, these are the emis-
sion peaks which are related to a Fo¨rster exciton
energy transfer process between two neighboring
nanotubes which form a small bundle. This ab-
sence in the ODMR cannot be due to experimental
factors: the B2 peak falls well within the range of
sensitivity of our system and this spectral range is
free of other SWCNT peaks, still the ODMR spec-
trum shows no trace of a peak. Concerning the B1
peak, the spectral range has more peaks, however,
the PL map shows that this bundle-peak is partic-
ularly strong and has a comparable intensity to the
(9,4) and (8,6) peaks. However, the ODMR spec-
trum contains no signature of these peaks.
The relevant Jablonski diagram for the B1 line
in Fig. 1c. is shown in Fig. 4. Here, the donor
SWCNT is the (9,4) and the exciton is transferred
to the acceptor (7,6) which then radiates the ob-
served emission (thick curved arrows in the fig-
ure). It cannot be decided from the present data
whether the exciton energy transfer occurs from
the S2 (intertube transfer process, kIT,1) or S1 (in-
tertube transfer process: kIT,2) levels of the (9,4)
donor.
Our interpretation for the absence of the bundle-
peaks in the ODMR data is that for neighbor-
ing nanotubes the exciton transfer process dom-
inates over the usual relaxation processes. In
other words, whenever possible the exciton energy
transfer occurs. In case of the B1 line, the exci-
ton is transferred with a probability of 1 from the
(9,4) to the (7,6) SWCNT, which does not allow
the population of the triplet state, T, on the (9,4)
nanotube. This explains the insensitivity of the
bundle-peak to the ODMR conditions.
The dominance of the Fo¨rster exciton energy
transfer process was predicted in Ref.47 due to
the sizeable interaction between SWCNTs in a
small bundle and the overlapping of optically ac-
tive states but to our knowledge the magnitude of
its probability has not been quantified yet. The
Fo¨rster exciton energy transfer process is known to
play an important role in so-called molecular ruler
applications48 due to the sensitivity of the process
for molecular distances and also for fundamental
exciton transfer processes including photosynthe-
sis.49 Our work thus allows to explore the role of
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Figure 4: Jablonski diagram (a) and schematics (b) for two neighboring SWCNTs. The exciton
created on the donor SWCNT (the (9,4) in this case) is transferred to the neighboring acceptor tube (the
(7,6) tube in this case) with a high probability (thick arrows) thus the usual relaxation processes (crossed-
out arrows) do not occur. Schematic depiction of the dominating exciton energy transfer process: the
absorbed light forms an exciton which is then transferred to the acceptor SWCNT where the exciton
recombination and light emission occurs.
SWCNTs during applications which involve the
exciton energy transfer either from or to SWCNTs.
CONCLUSIONS
In conclusion, we studied the optically detected
magnetic resonance spectra of SWCNTs by selec-
tively exciting the absorption bands and by analyz-
ing the emitted signal. The study allowed the di-
rect observation of phosphorescence from chirality
assigned SWCNTs. The SWCNT diameter depen-
dent singlet-triplet energy gaps were obtained and
it was found to agree well with the value of the-
oretical predictions and the expected 1/d2 diam-
eter dependence was found. A saturation exper-
iment with varying microwave power allowed to
determine the nominal spin-lattice relaxation time
of the triplet sublevels. The bundle-peaks are ab-
sent in the ODMR spectra which is explained by
the dominance of the Fo¨rster exciton energy trans-
fer between neighboring nanotubes over the usual
relaxation processes of excitons. We believe that
these findings may enable quantum information
storage, manipulation and readout using telecom
compatible wavelengths while using carbon nan-
otubes.
METHODS
Single-wall carbon nanotubes were studied in
aqueous suspensions following the conventional
routes.13,14 A solution of sodium-deoxycholate
(DOC) surfactant and distilled water (2% concen-
tration) was mixed with HiPco nanotubes (Car-
bon Nanotechnologies Inc.) in an ultrasonic bath.
This type of nanotube is known to contain several
SWCNT chiralities with a mean diameter of 1 nm
(Ref.50).
The nanotube and surfactant mixture was in-
tensively sonicated with a tip-sonicator (Branson
Sonifier 450) for one hour with 60% output in-
tensity. During the sonication, the suspension is
cooled with a circulating water system. This pro-
cess makes the nanotubes individualized as the
surfactant molecules envelop the nanotubes and
help their de-bundling. The next step is an ultra-
centrifugation of the samples with 200 kg acceler-
ation for an hour. During this part of the prepara-
tion, the nanotubes which are not individualized,
settle down at the bottom of the cuvette. Finally,
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the sample is decanted from the top of the suspen-
sion and placed into a 4 mm diameter quartz tube
for the measurements.
The development of the ODMR instrument,
which allows energy resolved excitation and de-
tection in the near infrared domain, was reported in
Ref.19 A tunable laser system, comprising of a 532
nm laser (5 W) pumped Ti:Sa laser enables tun-
able excitation of the SWCNTs and emitted light
is detected in a dispersive monochromator system
(Horiba Jobin Yvon ihr320) using a liquid nitrogen
cooled InGaAs detector in the 900-1500 nm range.
The samples are in a liquid nitrogen cryostat in-
side a TE011 microwave cavity which is driven by
a TWT amplified microwave signal, whose inten-
sity is chopped. The microwave induced optical
signal is measured in phase with the chopped mi-
crowaves using a lock-in amplifier, which yields
the ODMR signal or ∆PL. The DC component of
the optical signal yields the conventional PL signal
and the two types of signals are measured simulta-
neously.
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